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Fig. 1. The artifact and overestimation on the reconstructed image due to
truncation.
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Fig. 3. Conceptual illustration of high resolution and quantitative SPECT
system for imaging a selected small ROI of human brain.

III. PRELIMINARY EXPERIMENT

For proof of our concept, we performed preliminary
experiment using pinhole SPECT and Hoffman brain phantom
[3]. The reconstruction ROI contained the region outside the
brain, that is, almost zero count as the priori knowledge [4].

Figure 4 shows the experimental setup. We scanned a part
of Hoffman brain phantom using the rotating stage and 1-mm
pinhole collimator fitted to clinical SPECT gamma camera
(GCA7200A, Toshiba, Japan). As for the scan parameters, the
phantom was filled with Tc-99m of 1,480 MBq and scanned
for 2 hours, the radius of rotation was 95mm, the imaging
FOV was 95 mm, and the rotation angle was 180 degrees. This
radius of rotation is that collimator doesn’t hit again the
phantom in case of circular orbit and 180 degrees rotation.
And also, we scanned same phantom using parallel collimator
to compare in terms of spatial resolution.

Fig. 4. Experimental setup for scanning Hoffiman brain phantom by
pinhole SPECT.

Figure 5 shows results of human brain phantom study. In
case of clinical SPECT with parallel collimator, the resolution
of the reconstructed image was low. In case of pinhole
collimator and conventional 3DOSEM, the resolution was
high, but the artifact appeared at the edge of ROI and the
voxel counts were overestimated. On the other hand,
combination of pinhole collimator and TC-3DOSEM provide
high resolution image and eliminated the artifact and the
overestimation. In this experimental geometry using pinhole
collimator, theoretical resolution was approximately 2 mm.

Phantombitmap  Clinical SPECT Pinhole SPECT, Pinhole SPECT,
(Parallel collimator Small Recon. Large recon. matrix
+2D FBP) Matrix (3DOSEM)  (TG-3DOSEM)

b e S

/

FOV of pinhole

Resolution low high high (2mm F\WWHM,
theoretically )
Quantitation good overestimation excellent

Fig. 5. Comparison of the reconstructed image from preliminary
experiment using brain phantom.

IV. CONCLUSION

The truncated data were reconstructed by truncation . . .
compensated 3D-OSEM  (TC-3DOSEM)  reconstruction We have designed the concept of high resolution and
method for pinhole SPECT [5] quantitative SPECT for imaging a selected small ROI of
' human brain. And also, the preliminary experiment suggested
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feasibility of high resolution and quantitative SPECT for
human brain.
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Performance estimation of high resolution SPECT for
the human brain by Monte Carlo simulation of
scintillation lights

Y. Hirano, T. Zeniya, H. Watabe, Member, IEEE and H. lida, Member, IEEE

Abstract-We developed the high resolution SPECT for the
human brain. The SPECT has two kinds of detectors. One mid-
dle-size detector views whole a head. The other small detector
which has extremely resolution (~Imm) views localized region.
These detectors are rotated simultaneously. The large detector
consists of NaI(Tl) scintillator (15cmx20cm), 15 flat panel type
multi-anode PMTs (H8500 Hamamatsu). The performance eval-
uation, spatial and energy resolution, has performed. The ob-
tained spatial resolutions of X-direction and Y-direction are
24mm and 2.1mm(FWHM), respectively, and 10%@140keV
(FWHM) of the energy resolution was obtained. On the other
hand, the small detector for the regional field of view is under the
development. We will use the LaBr;(Ce) as the scintillator which
has large amount of scintillation lights lather than that of
Nal(Tl). The performance of LaBr;(Ce) has estimated by the
Monte Carlo simulation of scintillation lights after the comparing
the result of the experiments of the middle-size detector with that
of the simulation. In this simulation, many optical properties of
materials are considered. Using this simulation, the influence of

the scintillator thickness on the spatial resolution has investigated.

Also, main contribution is given to spatial resolution has been
investigated by changing some optical properties such as the
amount of emission lights, the refractive index of optical coupling
grease and the index of reflector in this simulations. The small
detector will be used with a pin-hole collimator, therefore gam-
ma-rays obliquely enter the detector. The spatial resolutions of
oblique and parallel incident are also compared.

I. INTRODUCTION

We have been developed a high resolution Single Photon
Emission Computed Tomography (SPECT) for the hu-
man brain aiming at clinical inspections. This SPECT has two
kinds of detectors and rotated simultaneously. One is a middle
-size detector, the other is a small size detector. The middle-
size detector views whole human brain with parallel collima-
tor. The small detector views localized region with pinhole or
cone-beam collimators. However, in case of large object like
humans brain, the projection data are truncated by radioiso-
tope outside of a small field of view (FOV). Due to the trunca-
tion, on the reconstructed image, the artifact appears and the
voxel values are overestimated. This hampers quantitative
assessment of physiological functions. We have developing
the new truncation compensated 3D-OSEM (TC-3DOSEM)
reconstruction method. We use a image of the middle-size

Y.Hirano, T.Zeniya, H.Watabe and H.lida are with the Department of Inves-
tigative Radiology, Advanced Medical Engineering Center, National Cardi-
ovascular Center Research Institute, 5-7-1 Fujishirodai, Suita City, Osaka,
565-8565 Japan (e-mail: hirano@ri.ncve.go.jp).

9781-4244-3962-1/09/$25.00 ©2009 IEEE

detector without truncation as initial image, and reconstruct
image of the small detector .The truncated data can be suc-
cessfully reconstructed [1][2]. The conceptual diagram and
aspect of the detector are shown in Fig.1. The middle-size
detector has been completed, and checked the performance
such as the spatial resolution, and the energy resolution. On
the other hand, we have plan to use LaBr;(Ce) scintillator as
the scintillator of small size detector to improve the resolu-
tions. A higher resolution is expected using LaBr3;(Ce) because
of large amount of scintillation lights which is about 1.6 times
larger than that of Nal. Then, we estimated how much resolu-
tion will be obtained using LaBr3;(Ce) and investigated the
influence of a scintillator thickness on the spatial resolutions.
The scintillation lights are simulated with Monte Carlo me-
thod. In addition, we investigated what is the main factor of
contribution to the spatial resolutions by changing optical
properties. In order to make high resolution system, we need
previous estimation of performance by using some simulations,
and this simulation will be usefu‘ll to design detector system.

Middle-

size

i’

S /
Fig.1 The conspectrual di

—_—

gram of our SPECT and picture of the detector.

II. MATERIALS AND METHOD

The middle-size detector has been constructed. The detector
consist of Nal scintillator (15cm>X20cm), 12 flat panel type
multianode PMTs (H8500 manufactured by HAMAMATSU,
S5em X Scm) and collimators. The PMT has 64 small anodes
(5.2mm X 5.2mm) shown in Fig.2(left and center). High reso-
lution has achieved by the Anger method using 768 anodes.
After the operation check, the energy resolution and the spatial
resolutions are measured as the performance evaluation. In
order to estimate resolutions, we put the collimator which has
170 holes(1.5¢) with interval 15mm on the Nal, moreover,
put the plane source (Tc-99m :140keV) shown in Fig.2(right).
The spatial resolutions are derived by some fitting results of
the projection to the X-direction and Y-direction. The fitting
functions, which considers the diameter of holes are described
fallowing a function,

N V) fatb-x)  (b-x])[,
f('\)—Za{e"/( 20 ) ezf( 20 )}
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where a,b are shown in Fig.3. o’ is the deviation of Gauss
function. The spatial resolutions can be obtain by the 2.35X o .
The energy resolutions of each position also can be obtained
by the fitting of exponential and Gauss functions.

Fig.2 Nal scintillator (15cmx25cm)(left). 5x3 H8500 Flat panel type

PMT(center). The collimator with 170 holes(right). The diameter is 1.5mm
and distributed at 15mm intervals. The thickness is 10mm.

S =] g(x)h(z—x)dx

Fig3. Fitting function. f (x) is convolution function of uniform and Gauss

function.

The Monte Carlo simulation has performed with the same
geometry of middle-size detector, and compared the result of
the simulation with that of the experiments. The simulated
processes are listed below and shown in Fig.4.

1. Gamma rays enter the scintillator.

2.  Scintillation lights are emitted to 4zm-derecion and the
amount of lights is proportional to the energy deposit.

3. Scintillation lights propagate in some materials such as
the scintillator, optical grease, light guide (glass) and
PMT window.

4. Optical processes such as reflection, refraction at boun-
daries and absorption, which have wavelength depen-
dence are considered.

5. When scintillation lights reach an anode of the PMT,
detection or not are determined by the quantum efficien-

cy.
tical Y -ray i
Oé)rel:sae Nal (16.4mm) Diffuse reflector
= iSintiHationtights /—
{ L Light Guide
e T S (t3mm)
o

pa PMT(H850,L)) PMIT Window
Fig.4 The simulation geometry of the middle-size detector. The scintillation
lights are propagated through some materials.

Ano/de DeadSpace

After the comparing the simulation and experiment, we have
investigated the influence of a scintillator thickness on the
spatial resolution. We will use LaBr3(Ce) as scintillator of the
small detector. The size is 10cm x 10cm, and the thickness is
not yet determined. Expected spatial resolutions are estimated
by the simulation changing thickness of the scintillator (10mm,
8mm, 6.4mm, 5.8mm, 4mm, 2mm and 1mm). The incident
gamma-rays are 15mm apart shown in Fig.5. The difference of
optical properties between Nal(Tl) and LaBr;(Ce) is listed in
Tab.1 and shown in Fig.6.

y-rays(interval 15mm)

LaBr3(Ce) Reflector

10cmx10cm

) [ 7y | |Light Guide
Optical || YYY L (t3mm)
Grease. T

DeadSpacei 5 Anods 5
PMT[F\SSOO] PMT Window
Fig.5 The simulated geometry of the small size detector. The incident parallel

gamma-rays are apart from 1 Smm.

Tab.1 The scintillator properties of Nal(Tl) and LaBrs(Ce)

Nal(Tl) = 3.67 1 Strong 230 1.85 425
LaBr;(Ce) 5.3 1.6 Strong 16 1.9 385
3 ———— a3
‘ /—\,\ \ 02!

o

%, |
]
o 40 50 &

o,

°

5 30 50
Wavelengh (o)

Fig.6 Emission spectra of Nal(Tl) and LaBr3(Ce) and the quantum efficiency
of H8500 PMT

In order to know what optical property is critical of the spa-
tial resolution, some simulations of the small detector chang-
ing some properties have performed. The changing parameters
are the emission spectra of LaBr;(Ce)—that of Nal(Tl), the
amount of scintillation lights of LaBr;(Ce)(68photon/keV)—
that of Nal(Tl)(32photon/keV), the refractive index of
LaBr;(Ce)(1.9)—that of NaI(T1)(1.85), the refractive index of
optical grease(1.4)—that of air(1.0), index of reflector 95%—
90% and light guides thickness 3mm—1mm. Finally, the dif-
ference of the spatial resolution between using a pin-hole col-
limator and using a parallel collimator, in other words, the
difference between parallel incident and oblique incident has
investigated. The gamma-rays are entered into the scintillator
at 49 points with interval 15mm in this simulation shown in
Fig.7

Parallel Pinhole

15njm jinty | 5 n

Detector Detector

Fig.7 The conceptual diagram of the simulations using pin-hole collimator
and using parallel collimator.

III.

III-1 Performance evaluation of the middle-size detector

The experimental reconstructed position of middle-size de-
tector is shown in Fig.8 using the collimator with 170 hoes,
and the projection to the X-direction of 6th lines from the
bottom and Y-direction of 8th columns from the left are also
shown in Fig.9. The spatial resolutions at 170 points (at the
points of the collmator hole) for X-direction and Y-direction
are derived by fitting of each projection (10 projections to the
X-direction and 17 projections to the Y-direction). The re-

RESULT AND DISCUSSION



sults of the spatial resolutions are shown in Fig.10. Also, the
energy spectrum at the center of the detector is shown in
Fig.11(left), and the energy resolutions at 170 points are
shown in Fig.11(right). The obtained averages of the spatial
resolutions are 2.43+0.27mm and 2.08+0.18mm (FWHM),
and the best values are 2.2mm and 1.7mm for X-direction
and Y-direction, respectively. These averages are derived by
the spatial resolutions excluding resolution of edges. We can
see the tendency that the center of the detector is better spa-
tial resolution lather than that of the edges. Because of the
small number of resistor used in Anger method, the spatial
resolutions of Y-direction with less number of the resistors
have better than that of X-direction. On the other hands, we
can’t see the position dependence of the energy resolutions.
The average energy resolution is 10.28+0.17% (FWHM).

Fig.8 The experimental result of reconstructed position of the middle-size
detector by Anger method.

R s TR (R S (SO0 (PP O i
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Fig.9 The projection to the X—diréctionof 6th lines from the bottom in Fig.S
(left). The projection to the Y-direction of 8th columns from the left (right)
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Fig.10 The spatial resolutions at 170 points. The left (right) figure shows
the spatial resolution of X (Y) direction.
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Fig.11 The energy spectrum at the almost center of the detector (left). The
energy resolution at 170 points (right)

I11-2 Comparison between experiment and simulation

The simulation result of the reconstructed position of
middle-size detector is shown in Fig.12 (left), and the projec-
tions are shown in Fig.13(right). Also, the comparisons of the
spatial and energy resolutions are listed in Tab.2. The good
agreement of the projection is obtained. However, the resolu-

tions of simulation overestimate that of the experiment. In
order to correspond to the result of experiment, we give fluc-
tuation such as electrical noise.

4 £
N
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Fig.12 The simulation result of the reconstructed position by Anger me-
thod(left).The comparison of the projections(right) between the experi-
ment(red lins) and the simulation(green line).

Tab.2 The comparison of the energy and spatial resolutions.

FWHM Spatial Spatial Energy
ResolutionX ResolutionY Resolution

Simulation 1.71mm 1.54mm 7.1%

Experiment 2.43mm 2.08 mm 10.3%

I11-3 Influence of scintillator thickness on spatial resolution
Using the geometry of the small detector, influence of the
scintillator thickness on the spatial resolution and the detection
efficiency has investigated, and the results are listed in Tab.3
together with the result of Nal(Tl) of thickness 6.4mm. The
thickness 6.4mm is same as the middle-size detector. The
thickness 5.8mm of LaBry(Ce) has same stopping power as
that of t6.4mm Nal(Tl). The reconstructed positions and the
projections are also shown in Fig.13 together with distribution
of photo-electrons on the PMT anodes. The thinner scintilla-
tor, the better spatial resolutions are obtained because the
emission point of the scintillation lights is close to the PMT
anodes, which suppress the spread of distribution of scintilla-
tion lights shown in Fig.13(upper). However, the detection
efficiency degreases. Therefore, we must decide a scintillator
thickness considering both efficiency and spatial resolutions.

Tab.3 The spatial resolutions and efficiency of each thickness

SpatialResolution (mm) | 22 19 18 | 20 17 14 |

10 08 |
Efficiency (%) 90 85 76 74 74 60 37 19
e 3 1| 3F e |
" i R
o g | o - e |
s ol i R
s ] R \ BT
NEEN i E I w
N | | Il 1
i e T
A S | |
ERVAVIL P CTIL 75 | O | Y | W

Fig.13 The result of distribution of reconstructed position and projections for
each thickness (t10mm, t5.8mm and tlmm from the left), together with the
distribution of photo-electrons on the PMT anodes.

[11-4 Influence of other optical properties on spatial resolution

Some optical properties are changed described in II in the
simulation of the small detector. The results of each case are
listed in Tab.4. Also, the distribution of absorbed scintillation
light has simulated. The percentages of total absorbed photons
for each material are also listed in Tab.4. We can see the re-
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duction of the spatial resolution in two cases. One is the re-
fractive index of the optical grease is replaced with that of air.
The other is decrease of amount of scintillation light by about
half. Other changes of the property have small contribution to
the spatial resolution.

Tab.4 Spatial and energy resolutions changing some optical properties and

the distribution of the absorbed photons.
Resolution or L8 )Emimion Lalriyeld (aBdindex Gremedndes  ReflecknSS%  LghtGuidelm | LaBediSSmm
Absorber name. + + + + + (Critesion)

Nalfmision | Natyield  Nabindex Alcindex Reflecko n90% LightGuide: 1mm

Spatial (mm) R ; 17 25 17 17 17
Energy FWHM(%)| 6.1 77 5.9 6.4 63 5.8 5.9
Abs. by Scintillator (%) 16 1.9 16 25 17 16 17
Abs. by PMT(detect) (%) 20 19 20 18 17 19 18
Abs. by PMT(miss) (%) 56 53 56 49 47 55 55
Abs. by PMT Dead Space(%) 14 13 14 10 12 16 14
Abs. by Reflector (%) 8 1 8 19 19 8 B)
Abs. by Other (%) 04 2.1 04 15 33 04 23

Finally, the distributions of reconstructed positions are shown
in Fig.14 for the parallel incident and the oblique incident. The
obtained averages of spatial resolutions are 1.48mm and

1.68mm for parallel incident and oblique incident, respectively.

The spatial resolutions of the oblique incident (using pin-hole
collimator) has worse resolutions lather than that of parallel
incident because of spread of interaction points on the hori-
zontal surface.

Patallel|Insidenc: nce |
1w ol 1 o ou
e e e on > o o q
s—1 5 |
. e o . . e . e 0
. e . L - e y e L ° - 70*77
p e . L] - o e L . L
d—s e le @ el e J PRI o »
[ taBmm(FWHM) | || 1.67mm|(FWHM)
350 - “uge R 0

5 s
Fig.14 The distribution of reconstructed positions by Anger method. The left
(right) figure is result of parallel (oblique) incident.

This study will be useful for the design the both new and bet-
ter detectors. However, a good agreement between the simula-
tion and the experiments has not obtained for the absolute val-
ues of the spatial and energy resolutions. As the future task,
we will enhance the accuracy of the simulation by eliminating
the uncertainty of optical parameters and specifying other pa-
rameters which are not considered in this simulation.
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Interior SPECT Reconstruction Problem with
Tiny a proiri Knowledge — An Application for
High Resolution Pinhole Brain Imaging

Qiu Huang, Tsutomu Zeniya, Hiroyuki Kudo, Hidehiro Iida, and Grant T. Gullberg

Abstract— The quantitation of cerebral blood flow (CBF)
and cerebral vascular reactivity (CVR) are valuable in
diagnosing brain ischemia, and the quantitation of
benzodiazepine receptor density is important in evaluating
neuronal damage due to ischemic effects. To better
evaluate cerebral autoregulation, a high resolution brain
single photon emission computed tomography (SPECT) imager
is being built that provides an image of the entire brain for
support information in the reconstruction of the interior
problem from small field-of-view, truncated projections
for high resolution ROI imaging.

Kudo ef al. presented a unique and stable solution to the
interior problem in computed tomography (CT) given tiny a
proiri knowledge of the object. In this work we advance their
result to the interior reconstruction problem in SPECT where a
uniform attenuation map is assumed in brain imaging.

In the theory, differentiation followed by backprojection (DBP)
of truncated SPECT data is shown to obtain the truncated
weighted Hilbert transform. Then with a proiri information on a
small part of the region-of-interest (ROI), the other part of the
ROI is shown to be available using the projection onto convex sets
(PCOS) method. Simulations show that the algorithm provides
quantitative results for the reconstruction of the fan-beam
tomographic data. Iterative reconstruction of the pinhole data is
under investigation to verify the accuracy of the central slice and
to provide reasonable results for regions off the central slice.

Index Terms—interior problem, SPECT, uniform attenuation,
brain imaging.
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designing a high resolution single photon emission computed
tomography (SPECT) imager for obtaining high resolution
brain scans for various imaging diagnostic applications. The
camera consists of one large field of view detector imaging the
whole brain and multiple smaller field of view high resolution
detectors imaging small regions of the brain (see Fig. 1). The
large field of view detector provides images without truncation
that localize areas of particular diagnostic interest and provide
support information for the reconstruction of high resolution
regions of interest (ROIs) from high resolution truncated
projections obtained with the small field of view detectors.
The work presented in this paper develops an algorithm that
accurately reconstructs uniformly attenuated truncated
projections, which is an extension of the interior
reconstruction problem for the reconstruction of non
attenuated truncated projections.

‘ e 3 /
Figure 1. Large field of view detector for imaging whole brain and
smaller field of view detectors for imaging ROIs.

==

The Department of Investigative Radiology has been
involved in a large-scale multicenter clinical study aimed at
evaluating validity and impact of a quantitative SPECT
reconstruction package (QSPECT) [1] for multicenter clinical
studies. The quantitative SPECT reconstruction package
provides quantitative functional parametric images which are
consistent among different setup of equipments and
institutions. This allows the use of SPECT in a large scale
clinical evaluation for diagnosing brain autoregulatory
abnormalities. (A review of noninvasive diagnostic tests to
assess cerebral autoregulation can be found in [2].) Dynamic
SPECT scans are used to quantify cerebral blood flow (CBF)
and cerebral vascular reactivity (CVR) in a single session
using a split dose administration of '’I iodo-amphetamine
(IMP); one at rest and one during Diamox challenge [3].
Clinical data using QSPECT demonstrated that CBF at rest
and during Diamox was reproducible among institutions.
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Another important part of the multi-center trial is to evaluate
neuronal damage due to ischemia and to provide prognostic
value for surgical outcomes. Damage of benzodiazepine
receptors has been found in cases of patients with severe brain
ischemia [4]. Also, alterations of central benzodiazepine
receptors have been described in several neuropsychiatric
conditions, including epilepsy, Alzheimer’s disease,
Huntington’s chorea and  schizophrenia. Carbon-11-
flumazenil, a benzodiazepine antagonist, has been used as a
PET radiotracer for visualization and quantification of
benzodiazepine receptors in humans. Recently, an iodinated
analog of flumazenil, iomazenil has been introduced as a
SPECT radiotracer. SPECT imaging of iodine-123-iomazenil
(Tomazenil) binding to benzodiazepine receptors in the brain is
being used to evaluate neuronal damage caused by ischemia
[4] and the prognosis prior to carotid endoarterectomy [S].
Kinetic model-based methods have been developed for SPECT
to quantitatively —measure '“I-iomazenil binding to
benzodiazepine receptors in the human brain [6].

The Department of Investigative Radiology is developing a
camera that will perform high resolution imaging of local
ROIs in the brain to better address these imaging applications.
Imaging with a high resolution small field of view camera
provides truncated projections. The reconstruction of these
projections involves determining the solution to the interior
problem in local tomography. The interior problem in medical
imaging refers to the situation where the region-of-interest
(ROI) is totally contained within the object. For instance, in
SPECT, the interior problem happens when the projections
passing through the region outside the ROI are truncated due
to a small field-of-view detector or a short detector-to-object
distance in the case of converging collimation. The interior
problem has been studied for some time [7]. Recently, Kudo et
al. [8] proved that the solution is unique and stable in
computed tomography (CT) if a small region in the ROI is
known a proiri. In this paper this result is extended to the
SPECT interior reconstruction problem.

Both in the work of Kudo ef al. and in the work presented in
this paper, the theory for the solution to the interior problem is
based on the differentiation backprojection (DBP) method.
The concept of DBP was first developed in parallel beam [9]
and cone-beam [10] geometry in CT. The non interior
truncation problem was solved for CT in [11], [12], [13], [14],
[15]. Similar works in SPECT can be found in [16], [17], [18],
[19], [20], where uniform attenuation was assumed. In SPECT
the assumption of uniform attenuation is reasonable for some
applications such as in brain imaging [21]. The result of the
work in this paper shows that, with a proiri information of the
ROI, the brain image can be reconstructed even when the
imaging geometry forms an interior problem. It is expected
that this result is useful in the reconstruction of pinhole data,
where a pinhole collimator is attached to the small field-of-
view cameras for imaging the brain. The pinhole collimator
provides a small field-of-view (FOV) with high sensitivity and
high resolution when located close to the object.

The paper is organized as follows: Section II shows that the
differentiated backprojection (DBP) of fan-beam data is
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related to the distribution of the radioactive tracer in SPECT
through a truncated weighted Hilbert transform. Then a unique
inversion is shown to exist for the truncated weighted Hilbert
transform given a small region of ROI is known a proiri. The
results of numerical simulations are presented in Section III
where the theory is shown to give a measure of confidence for
the quantitative accuracy of the fan-beam reconstruction
problem and the conclusion is given in Section [V.

II. METHOD

The method in this work is illustrated by showing that the
differentiated backprojection (DBP) of fan-beam data is
related to the distribution of the radioactive tracer in SPECT
through a truncated weighted Hilbert transform and the
truncated weighted Hilbert transform can be inverted given
some prior information,

A. DBP operation for fan-beam data

For a transaxial slice, let f(x,y) represent the distribution
of the radiopharmaceutical in body tissues, which is assamed
to be a smooth and compactly supported function of R?. The
SPECT image reconstruction estimates f(x,y) from the
We F=(x,¥)
D={(x,y)eR*: x? +y2 <1}. We assume f(x,y)=0
outside of D and the attenuation g of the body tissues is
uniform inside D. A typical fan-beam data acquisition

geometry with a circular focal-point trajectory is shown in Fig.
2, where each projection ray is represented by (f,0). One

detected photon counts. denote and

particular projection ray is shown emanating from the focal
point § for the angle £ with the ray angle o .

In this paper, the fan-beam uniformly attenuated projection
of the function f(x,y) is defined as

(D, f1(B,0) = Tf (§ +7a(p,0)e"dr, M

where D, f is the projection operator for the uniformly

attenuated fan-beam projection data, o €[-o,,0,], and

a(B,o) is a unit vector in R> representing the direction from

the focal point to the collimation hole, as shown in Fig. 2.
Here, o0, €(0, 7/2) denotes the maximum angle subtended

by the fan-beam. Let R be the radius of the circular focal point
trajectory. We can modify the fan-beam data to obtain:

88,0)=c D f1p.0). @
Define

s=Rsino, =0+ f

(==

A . . ) 3 9 _
G(ra @5 a) = arcsmn ! = arcsin M )

o
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Cireutsr fan-focal point trgjectory

Figure 2. A typical fan-beam acquisition geometry.

We denote 6 = (cos, sinf) and 6t = (—sin 8, cos 8) and
construct an image:

f)
it , 0 0
1 w2 e [(acr ﬁ)g](é’ &(r, 0,0), 5(r, (Pﬁ))dg 3)
N Rcosé(r,p,6) '

This image was proved to be related to the original distribution
of radiopharmaceutical as [17]:

Foop— | S )
T

— 0
Equation (3) involves the operations of derivative and
backprojection for the modified attenuated projection in fan-
beam geometry and can be readily obtained from fan-beam

“

measurements. Equation (4) shows that the image f (x,y) isan
image obtained by convolving the true image with a one-
dimensional (1D) kernel cosh(z#)/(7#) multiplied by some
factor, thus the image reconstruction is accomplished by
inverting the convolution corresponding to a truncated
weighted Hilbert transform.

B. Inversion of Truncated Hilbert Transform

Denote the left hand side of (4) by g(¥) and the distribution
of activity by f(#). The reconstruction is to solve the
following integral equation:

o= } cosh@)/(t—1)
1 T
As shown in Fig. 3, the function f(f)has a support in -/<t<].
There is no loss of generality since shifting and scaling can
always transform any support interval to (-1,1).

If g(?)is known for -1<¢<], the equation can be solved as in
[19] and [17]. Unfortunately, for some geometries the function
g(?) is only available on a small interval -/<a<t<d<I. Then
the algorithms in [19] and [17] do not guarantee a stable
inversion. However, based on the work by Kudo et al [8], we
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ab d
; ,g(t?eya!!ahlq

c 1

- Suppart of fft} -

s

Figure 3. Illustration of intervals.

found if the value of f(f) in the interval a<b<r<c<d is

assumed to be known, then the inversion is available in (a,d).
The reconstruction problem becomes:;

1

jOSREDIC=D) 4 (caci<d <,

-1 %1 (5)
subject to  f(H) = P for (a<b<t<c<d).

According to [17], we know the inversion can be obtained by
constructing a new function from g(#):

} g(s) V1-7
17r(s t) ,/1 52

In this case, this function can be broken into two terms:

() +hy(t), where
2(s) w/l ?
ﬂ'(s 1) ,/1 §2
_| ¢ g(s) Vi-#

The first term A(¢) is available from the truncated weighted
Hilbert transform g(f) for a<t<d, while the second term 4,(f)

remains unknown.
Since the function f(f) is known for b<t<c, the second

term in this interval can be represented as

g)=

() = I

n@ = +®)7r? )0 -ne for  te(bo)
Here, the operator @ is the same as in [17] and / indicates the
unity operator.

According to the continuity property of analytical functions,

the function A (f)can be analytically continued from the

known interval (b, ¢) on the real axis to the larger interval (g,
d) on the real axis. Since both h(f) and h,(¢) are uniquely

determined for ¢ €(a,d), function f(¢) is uniquely determined
for te(a,d). Then the projection onto convex sets (PCOS)

method {22] was used to solve the integral equation in (5).
Numerical results will be shown in the next section.

III. NUMERICAL RESULTS

In the fan-beam SPECT simulation study, the object image
is chosen to be the modified Shepp-Logan phantom shown in
Fig. 4. Uniform attenuation coefficient p=0.15¢m” was
chosen to generate the truncated attenuated fan-beam data.
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Figure 4 Digital phantom for fan-beam SPECT computer simulation.
The square boxes in the right image indicate two regions-of-interest
(ROIs).

In the reconstruction, first, differentiation followed by
backprojection of truncated SPECT data was obtained. Then
assuming the activity within a small part of the region-of-
interest is known, the other part of the ROI was estimated
using the PCOS method. The reconstructed image is shown in
Fig. 5.

Figure 5: The reconstructed image for fan-beam geometry. The box
indicates the region where the distribution is known a priori.

IV. CONCLUSION

This paper extended the work in [8] to SPECT imaging
where uniform attenuation map is assumed. The interior
problem was shown to be solvable given tiny a priori
information. Reconstructions from simulated fan-beam data
verify the theory.

The investigation of a pinhole system is presently
undergoing. In the pinhole simulation, regularized maximum a
posteriori (MAP) algorithm is used to reconstruct the
simulated pinhole data. A low resolution reconstruction of the
parallel beam collimated data is used as prior information.
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Purpose: Regular monitoring of PET scanner performance is mandatory to assure quality of ac-
quired data. While extensive performance measurements include many scanner characteristics such
as resolution, count rate, uniformity, sensitivity, and scatter fraction (SF), most daily QC protocols
are limited to uniformity and sensitivity measurements. These measurements may be too insensitive
to detect more subtle drifts in detector gains that could lead to reduced detection of primary and
increased detection of scattered events. Current methods to measure SF, such as those prescribed by
the NEMA protocols (SF-NEMA), however, require specially designed phantoms and are too cum-
bersome to be performed on a daily basis.

Methods: In this study, a simple and versatile method to determine SF is described. This method
(SF-DAILY) does not require additional measurements, making it suitable for daily QC. The
method was validated for four different scanners by comparing results with those obtained with the
NEMA 1994 protocol.

Results: For all scanner types and acquisition modes, excellent agreement was found between
SEF-NEMA and SF-DAILY.

Conclusions: The proposed method is a very practical and valuable addition to current daily QC
protocols. In addition, the method can be used to accurately measure SF in phantoms with other
dimensions than the NEMA phantom. © 2009 American Association of Physicists in Medicine.

[DOL: 10.1118/1.3213096]

Key words: PET, scatter fraction, quality control, NEMA

1. INTRODUCTION

Assessment of PET scanner performance is mandatory to
prevent image artifacts and to assure quantitative integrity of
acquired data. In general, extensive performance measure-
ments are performed only occasionally, e.g., after scanner
installation, an upgrade, or major maintenance, with more
concise quality control (QC) measurements being performed
on a daily basis (daily QC). The purpose of this daily QC is
to detect scanner malfunctioning and to monitor scanner sta-
bility. Ideally, this daily QC should be sensitive enough to
detect changes in scanner performance that require (immedi-
ate) attention. As scanner maintenance may have substantial
impact on patient throughput and planning, however, a deci-
sion to perform maintenance should be well founded, prefer-
ably based on a more extensive set of measured parameters.
Therefore, it is important that daily QC tests provide as much
relevant information as possible. Apart from offering a solid
basis for decision making in clinical practice, daily QC data
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can also give insight in scanner behavior as a function of
temperature, power loss, or time after maintenance.

While the above mentioned extensive (acceptance) perfor-
mance measurements (using a range of different phantoms)
include many scanner characteristics such as uniformity, sen-
sitivity, and scatter fraction (SF), for practical reasons, the
daily QC often is restricted to detector uniformity and sensi-
tivity. These parameters are typically derived from a scan of
a uniform cylindrical phantom filled with the long-lived iso-
tope %Ge. These limited measurements may, however, ob-
scure scanner drift or inaccuracies caused by changing detec-
tor gains, possibly leading to reduced detection of primary
and increased detection of scattered events. In addition, drifts
in electronics settings can lead to loss of sensitivity. For ex-
ample, a shift in photomultiplier tube (PMT) gains can cause
the 511 keV photopeak to drift, eventually (partly) falling
outside the energy window.' This, in turn, may lead to a
direct change in the detected SF, and hence image quality

© 2009 Am. Assoc. Phys. Med. 4609
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and quantitative accuracy. Especially in state-of-the-art PET
scanners that can only operate in 3D mode, SF is high (typi-
cally 50% of all detected events) and alterations in measured
SF can have a major impact. In order to quantify 3D PET
data, sophisticated scatter correction algorithms have been
developed. If adjustments are not made while needed, how-
ever, changes in SF can cause the algorithm to over- or un-
derestimate the scatter contribution, leading to bias, i.e., in-
correct regional activity concentrations.

The SF is defined as the fraction of all events that have
been scattered prior to detection. There are many ways to
determine this SF, but the most widely accepted method is
according to the NEMA standards. NEMA protocols have
been established in a collaboration between scanner manu-
facturers and users. The advantage of NEMA protocols is
that results can be interpreted by all parties, without uncer-
tainties about the exact conditions under which measure-
ments were performed. This is especially useful when com-
municating results between users, manufacturers, or other
parties. Disadvantages of NEMA protocols are that they usu-
ally require specially designed setups and phantoms and that
they are too cumbersome for use on a daily basis. Conse-
quently, NEMA protocols often are used only for acceptance
testing and in other situations where extensive measurements
are required (e.g., following a major upgrade).

The purpose of the present study was to develop and vali-
date a simple method to accurately estimate scatter fractions
using a uniform cylindrical phantom. In general, a uniform
cylindrical phantom is used to monitor sensitivity and uni-
formity on a daily basis and, therefore, this SF method could
easily be added to the daily or weekly QC without the need
for additional measurements. Validation was performed by
comparing measured SF values with those derived according
to the NEMA NU-1994 protocol using four different scan-
ners.

Il. MATERIALS AND METHODS
Hl.LA. NEMA scatter fraction

NEMA standards for PET instrumentation describe a se-
ries of phantom measurements to determine scanner charac-
teristics, including spatial resolution, scatter fraction, count
rates, sensitivity, accuracy of correction methods, and gen-
eral image quality. While the older NEMA-1994 protocoll‘2
was defined in a time when PET was primarily used as a
brain imaging modality, the 2001 and 2007 protocols reflect
the shift toward whole-body oncological applicationsé‘6 For
the SF measurement this is illustrated by the short 20 cm
cylinder in the NEMA 1994 protocol (SF-NEMA1994) and
the longer 70 cm cylinder in the NEMA 2001 protocol (SE-
NEMA2001). The latter phantom was introduced to include
scatter that originates from outside the axial field of view
(FOV) of the scanner, and therefore SF-NEMA200! is
higher than SF-NEMA1994, especially when scanning in
3D mode (i.e., without septa in the FOV). In a comparative
study, however, it was shown that a change in SF-
NEMA1994 strongly correlated with a change in
SF-NEMA2001.”
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As the cylindrical daily QC phantom often has the same
dimensions as the NEMA 1994 scatter fraction phantom, SF-
NEMA1994 was used as the gold standard for validating the
proposed method. The NEMA1994 protocol describes a 20
cm diameter, 20 cm length, water filled cylinder in which a
20 cm line source can be inserted at three different positions
(0, 45, and 90 mm from the center) (Fig. 1). After filling the
line source with a low level of activity (~5 kBq/cc of ®F),
it was inserted at each of the three positions and, at each
position, data were acquired for 15 min to ensure at least 200
kcounts per slice within the central 17 cm of the phantom.

SF-NEMA 1994 was then obtained by (1) correcting the
three measurements for '°F decay, detector nonuniformities
(normalization), and, where relevant, detector gaps (Fig. 1),
(2) straightening the sinograms to eliminate curves due to
off-center line source positions (Fig. 1), (3) setting all sino-
gram pixels corresponding to positions >12 cm from the
center of the phantom to zero, (4) adding projection angles to
create one profile per line source position, and (5) adding the
three scatter profiles, thereby weighting for the annular re-
gion in which the line source is positioned, where (6) scat-
tered events under the primary peaks were estimated using
linear interpolation between count levels within 2 cm from
the peak® (Fig. 1).

I1.B. Simplified procedure

When acquiring PET data using a uniform cylindrical
phantom of diameter D, filled with an arbitrary activity and
placed centrally in the FOV, the resulting total count (T)
projections are the sum of primary (or unscattered) events
(P), scattered events (S), and random events. In general, ran-
doms are corrected for by subtracting an independently mea-
sured estimate, usually obtained with the delayed window
technique and therefore not addressed specifically in this
study.” If r is the position on the projection (bin position)
relative to the center of the FOV, then S(r) is an arbitrary
function describing the scatter background. The point spread
function PSF(r) is a 1D function describing the resolution of
the projection data centered around r=0 (Fig. 2). It is now
postulated that, for a nonoblique projection plane, the spatial
distribution of the total counts T of primary and scattered
events within the FOV of a single ring of detectors (or non-
oblique, direct plane) originating from a cylindrical phantom
with diameter D is given by

T(r) = PSF(r) ® (P(r,D,p) + S(r})),

P(r,D,p)
Lo 2 L.
=2 ZD ~r°-p-expl-u ZD -, r=D,

P(r,D,p)=0, r>D, (1)

where u is the linear attenuation coefficient at 511 keV
(cm™), P(r,D,p) describes the distribution of the detected
primary photons, and p is a scaling factor for the total num-
ber of detected primary photons that depends on both activity
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Fic. 2. Example of the three parts of the model used for estimating the
SF-Daily: A PSF with a FWHM of 7 mm (scaled for illustration purposes),
a primary response from a cylinder with a diameter of 20 cm, and an arbi-
trary scatter response.
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in the phantom and sensitivity of the scanner. In short, the
total response is a sum of primary and scatter events, where
the shape of the primary contribution is known. In this case
the activity of the nonoblique cross section through the cy-
lindrical phantom was approximated by a circle [first term of
P(r,D,p)], and multiplication with the attenuation factor
(last exponential term) estimates the shape of the response in
the absence of scattered photons.

In this study S(r) was modeled as a first order cubic
spline® based on a set of control points (r,¥15... 3%, )
i.e., S(r) was simply modeled as a piecewise linear function
between the coordinates (ry,y;) and (ry,y,), {rp,y,) and
(r3,¥3), and so on. Although a piecewise linear shape might
not be natural, the convolution with PSF(r) removes discon-
tinuities at the control points. Figure 2 gives an example of
the components P(r), S(r), and PSF(r).

The new simplified method to derive SF (SF-Daily)
makes direct use of Eq. (1). First, the PSF is modeled using
a Gaussian function with a fixed width based on scanner
specific resolution data. For the sake of simplicity, in all
cases a spatially invariant resolution was assumed. Next, for
the scatter function S(r), the control points are chosen
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FiG. 3. Sinogram of uniform cylinder used for daily QC measurements.
Scatter in the background of the sinogram is clearly visible. Black diagonal
lines are due to gaps between detectors heads

equally divided over the data space (r direction) with | lo-
cated at the beginning and r, at the end of the transversal
field of view. For this study five control points were used.
Since D, u, and PSF(r) are known and rq,...,rs are fixed,
T(r) has p and the five base points y;,...,ys as free param-
eters. These parameters were estimated by fitting 7(r) to a
measured response projection profile using a nonlinear curve
fitting method (Levenberg-Marquardtg). It should be empha-
sized here that Eq. (1) is fitted to all projection data and not
just to the tails of the sinogram, making the method very
robust. For calculating SF only counts in the region r =3/5D
are taken into account as this is prescribed by the NEMA
protocol:

[58S()dr

SF= .
3/35,15) T(r)dr

2)

To acquire data, a uniformly filled cylindrical phantom with
known diameter (in the present case 20 cm for the whole-
body scanners and 4.5 cm for the animal scanner) has to be
placed in the center of the FOV, with its long axis in line
with the scanner axis. In case the scanner has scintillation
crystals containing intrinsic radioactivity such as L(Y)SO,
background radiation has to be taken into account, as it pro-
duces randoms and a small fraction of true coincidences due
to cascading gamma rays.10 This background activity, how-
ever, usually is very low (typically less than 1 X 1073 counts
per second per line of response). On the other hand care
should be taken not to induce pileup effects that can alter SF
due to high count rates. Although this differs from scanner to

TaBLE I. Relevant data of the various scanners.
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scanner, as an example, SF for the high resolution research
tomography (HRRT) is stable when total activity in the FOV
is between approximately 1 and 100 MBq.11 Although the
count rate has negligible effect on SF as long as it is kept
within the clinical range, ideally, total activity in the cylinder
should be comparable to that used for the NEMA protocol
(2.5 kBqcc!, or 15 MBgq). Figure 3 shows an example of
an acquired sinogram.

Il.C. Scanners

To test and validate the new SF-Daily method under vari-
ous circumstances, data from four different PET scanners
were used. The scanners varied in crystal material, crystal
size, ring diameter, and axial field of view, characteristics
that all affect the scatter fraction. Table I gives an overview
of relevant scanner data.

The Siemens HR (also known as ECAT Exact 47)% is a
whole-body BGO scanner that can be operated in both 2D
and 3D modes by means of retractable septa. Although 3D
acquisitions yield higher sensitivity, the 2D mode is charac-
terized by smaller randoms and scatter fractions, which can
be advantageous for high count rate studies. The Philips
Allegro13 is a 3D only whole-body scanner based on curved
GSO crystals, which have the advantage of a relatively high
energy resolution compared with other PET crystals, result-
ing in a lower SF. The 3D only Siemens HRRT was one of
the first scanners to apply LSO crystals. Its high spatial res-
olution enables detailed brain studies and small animal ap-
plications that can be covered in one bed position, thanks to
the large axial FOV."' The Siemens microPET Focus 120
(Ref. 14) is a dedicated small animal LSO scanner with a
gantry opening of approximately 20 cm. Although a new
NEMA protocol specifically for small animal PET scanners
was introduced only recently15 microPET experiments using
NEMA-like phantoms have already been reported previ-
ously.16 Table I also lists resolution data (mm FWHM) as
used for modeling PSF in Eq. (1).

11.D. Scatter fraction measurements

SE-NEMA and SF-Daily were measured and compared
for all four scanners. For the HR, SF was measured using a
cylinder, filled with 18F, in both 2D and 3D acquisition
modes. This provided a means to evaluate the effects of septa
on measured SF for both methods. Although in most cases
3D sinograms were acquired, analysis was performed only
on nonoblique (direct) planes in the sinogram. Hence, all

Crystal Diameter Resolution Ring
Crystal  thickness  Axial FOV gantry used diameter
Scanner material (mm) {cm) (cm) (mm FWHM) (cm)
Siemens HR BGO 30 15 51 5 82.7
Philips Allegro GSO 20 18 56 5 86.4
Siemens HRRT LSO 20 25 31 3 46.9
Siemens microPET Focus 120 LSO 10 7.6 20 2 258
221
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FiG. 4. Profiles of measured and fitted data. Top: HRRT before (left) and
after (right) scanner setup. Mid: HR in 2D (left) and 3D (right) acquisition
mode. Bottom: MicroPET (left) and Allegro (right). Due to the normaliza-
tion process vertical units are arbitrary.

oblique planes (also called segment 1 and higher) were dis-
regarded, eftectively resulting in a 2D sinogram.

For the HRRT, SF-Daily was measured using a 8Ge
phantom (diameter of 20 cm, length of 27 c¢m, 20 MBq),
routinely used for daily QC purposes. Sensitivity of SF-
NEMA to small changes in SF was investigated by measur-
ing SF of the HRRT just before and after performing a setup
process (i.e., tuning of gain and other settings in order to
maximize performance), as this setup process will decrease
SF due to optimized energy calibration. SF was measured for
the whole gantry and plane by plane. To assess effects of
noise, SF-Daily for the whole gantry was measured using
acquisition times of 15, 2, and 1 min.

For the Allegro, SF was determined for different lower
energy threshold settings (260, 310, 360, and 410 keV) and
an upper level discriminator set to 665 keV in order to in-
vestigate the correlation between both SF methods. For this a
20 cm diameter, 20 cm length cylinder filled with 20 MBq
BE was used. As no mini-scatter-phantom was available for
the microPET Focus 120, only SF-Daily was measured using
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TABLE II. Comparison of SF-NEMA and SF-Daily.
SF-NEMA SF-Daily
Scanner (%) (%)
HRRT before setup 63 63
HRRT after setup 50 51
HRRT 15 min 50 51
HRRT 2 min 50 50
HRRT 1 min 50 50
HR 2D 14 13
HR 3D 38 33
MicroPET 45mm diameter cylinder 27* 23
Allegro 36 34

“The SF-NEMA was determined for a 60 mm phantom (8).

a cylinder with an inner radius of 4.5 cm and a length of 10
cm, filled with 10 MBq, and this measurement was compared
with published SF-NEMA values.*

lll. RESULTS

Sinogram profiles of the central axial plane and SF-Daily
curve fits of total response 7(r) according to Eq. (1) are
shown in Fig. 4 for all scanners. In addition, resulting pri-
mary P(r) and scattered events S(r) are shown. In all cases,
the analytical response function equation (1) could be fitted
to the data with high accuracy. Clearly, both shape and am-
plitude of the scatter distribution differ among scanners and
acquisition modes. The HRRT setup process resulted in a
lower SF and a more symmetric scatter distribution. Differ-
ences in scatter contribution between 2D and 3D modes are
clearly illustrated by the HR profiles. The HR in 3D mode
and the Allegro (measured using the lower level discrimina-
tor set at 410 keV) have similar profiles, indicating the im-
pact of scanner geometry. The shape of the fitted primaries of
the microPET deviates substantially from that of the other
scanners due to the much smaller size of the phantom used.
In general, SF measurement using SF-Daily were relatively
insensitive to changes in PSF. Typically, doubling PSF (e.g.,
from 5 to 10 mm) resulted in only a 10% change in SF-Daily.

Table II summarizes SF values as obtained with SF-Daily
and SF-NEMA. In addition, in case of the HRRT, SF values
for different noise levels are included. Plane-by-plane SF
values for the HRRT are shown in Fig. 5.

100 -
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FIG. 5. Plane-by-plane values of SF-NEMA and SF-Daily (fitted SF) for the
HRRT before (left) and after (right) setup.
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Fia. 6. SF-Daily and SF-NEMA values measured on the Allegro. Data
points with higher SF refer to measurements with lower threshold values
(260, 310, 360, and 410 keV).

Figure 6 shows SF values of the Philips Allegro for vary-
ing lower energy threshold settings. Both SF-NEMA and SF-
Daily increased slightly with decreasing threshold channel,
and a good correlation between both methods was found
(R*=0.96). Finally, Fig. 7 shows a Bland-Altman plot of the
combined results presented in Table II and Fig. 6.

IV. DISCUSSION AND CONCLUSION

Using a simple curve fitting method, SF-Daily values
were determined for different scanners and acquisition
modes and compared to SF-NEMA values. A difference be-
tween SF-Daily and SF-NEMA only existed for the HR in
3D mode and for the microPET. For the latter, however, SF-
Daily was measured using a cylinder with an inner diameter
of 4.5 cm, while published SE-NEMA data were obtained
with a cylinder of 6 cm diameter. The impact of noise was
negligible for the three acquisition times investigated. The
count rate in the HRRT scans was approximately 50 kcounts
per slice, resulting in more than 100 counts per bin in the 1
min profiles, apparently sufficient for an accurate fit. The
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FiG. 7. Blant-Altman plot of all SF data from all four scanners and scan
modes {data from Table II).
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plane-by-plane comparison of SF-Daily and SF-NEMA
showed good agreement especially in the center of the FOV.
The slight deviation for the outer planes is probably due to
the slightly longer phantom used for SE-NEMA than for SF-
Daily.

In general, slight deviations in fitted and acquired profiles
could be seen, especially at the maxima of the response (Fig.
4). Most likely these deviations are due to the fact that the
thickness of the wall of the cylinder was not taken into ac-
count. Nevertheless, they have negligible effect on the result-
ing SF.

Similar to SF-NEMA, SF-Daily can be performed on ei-
ther only a subset of the total sinogram, e.g., only on nonob-
lique (direct) planes, or on all sinogram planes/segments via
a rebinning step.5 The latter requires slight adaption of Eq.
(1), as the primary response in oblique planes will be based
on an oblique cross section of the phantom (in case of a
cylinder this will become an ellipse) rather than a circle. In
this study SF values were only determined using direct (2D)
sinograms for both the SF-NEMA and SF-Daily methods.
For one scanner these sinograms were derived from data ac-
quired in both 2D mode (with septa) and 3D mode (without
septa) in order to test different levels of scatter and randoms.

Although the SF-Daily method does require that the phan-
tom is positioned in the center of the FOV, in practice it
proved to be insensitive to slight misplacements. The method
could, however, easily be extended with an algorithm to
align the sinogram, similar to the SF-NEMA requirement.

One limitation is that not all scanners use cylindrical
phantoms for daily QC purposes but rely on measurements
of small sources in air. Although this has the benefit of re-
quiring less activity, it gives the energy resolution at 511 keV
rather than the scatter fraction. Furthermore, use of a point
source in air also prohibits measurement of uniformity of
coincidence timing over a large area of the FOV.

It should be emphasized that SF-Daily fits a profile to all
projection data. This is in contrast to some scatter correction
methods'” that rely on fitting the tails of the scatter profile. In
the presented approach all data are used and that knowledge
about the primary response is included, making the method
robust and insensitive to noise.

In general, SF-Daily values obtained were in close agree-
ment with those derived using the NEMA protocol, making
the method sufficiently sensitive to detect small changes in
SF. Because the shape of the primary distribution is well
known, accurate fits of the sum of scatter and primary events
to the total profile can be achieved, without making prior
assumptions about the shape of the scatter distribution. Fur-
thermore no discontinuities in the estimated responses S{r)
were found. The method is also suitable for determining SF
values in case of “dirty” radionuclides (i.e., radionuclides
that emit gamma rays in addition to positrons),18 activity
outside the FOV, and phantoms with deviating dimensions,
as long as the exact dimensions are known.

In conclusion, as this method does not require measure-
ments with special phantoms, it can be used to accurately
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monitor SF using both arbitrarily sized cylindrical phantoms
and short acquisition times, making the method particularly
useful for daily QC purposes.
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Convection-enhanced delivery (CED) with various drug
carrier systems has recently emerged as a novel chemo-
therapeutic method to overcome the problems of cur-
rent chemotherapies against brain tumors. Polymeric
micelle systems have exhibited dramatically higher in
vivo antitumor activity in systemic administration. This
study investigated the effectiveness of CED with poly-
meric micellar doxorubicin (DOX) in a 9L syngeneic rat
model. Distribution, toxicity, and efficacy of free, lipo-
somal, and micellar DOX infused by CED were evalu-
ated. Micellar DOX achieved much wider distribution in
brain tumor tissue and surrounding normal brain tissue
than free DOX. Tissue toxicity increased at higher doses,
but rats treated with micellar DOX showed no abnormal
neurological symptoms at any dose tested (0.1-1.0 mg/
ml). Micellar DOX infused by CED resulted in prolonged
median survival (36 days) compared with free DOX (19.6
days; p = 0.0173) and liposomal DOX (16.6 days; p =
0.0007) at the same dose (0.2 mg/ml). This study indi-
cates the potential of CED with the polymeric micelle
drug carrier system for the treatment of brain tumors.
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Received February 18, 2008; accepted July 22, 2008.

Address correspondence to Yoji Yamashita, Department of
Neurosurgery, Tohoku University Graduate School of Medicine, 1-1,
Seiryo-machi, Aoba-ku, Sendai 980-8574, Japan (yoji@nsg.med
tohoku.ac.jp).

Oncology [serial online], Doc. DO8-00039, August 28,
2008. URL http://neuro-oncology.dukejournals.org;
DOI: 10.1215/15228517-2008-068)

Keywords: brain tumors, convection-enhanced delivery,
doxorubicin, drug delivery system, polymeric micelle

Convection‘enhanced delivery (CED) is a promis-

ing local delivery technique using bulk flow to
deliver low-molecular-weight and macromolecu-

lar drugs directly to targeted sites in clinically significant
volumes of tissue and to achieve wider volumes of dis-
tribution compared with simple diffusion techniques.!
CED bypasses the blood-brain barrier that prevents
most anticancer drugs from penetrating into the CNS,
delivers a high concentration of therapeutic agents to the
targeted site, and minimizes systemic exposure, result-
ing in fewer side effects.! Many antineoplastic drugs,?
including immunotoxins and boronated drugs,®’ have
been administered using CED, with promising outcomes
in animal studies. The problems include rapid drug clear-
ance from the tumor interstitium,® no selective accumu-
lation in targeted tissues,” and brain damage caused by
highly cytotoxic agents with extensive distribution in
the CNS.2° Consequently, novel drug delivery systems
are necessary to achieve the highest possible therapeutic
index against tumor cells over healthy neuronal cells.??
Incorporation or attachment of low-molecular-weight
anticancer drugs into drug carriers with high molecular

Copyright 2009 by the Society for Neuro-Oncology
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weight and hydrophilicity may provide substantial inhi-
bition of drug clearance from the tumor interstitium, in
contrast to low-molecular-weight drugs that are cleared
very rapidly by active transport via proteins such as
P-glycoprotein as well as by passive diffusive transport
through the lipid bilayer of the endothelium. The drug
carrier systems also offer the advantage of sustained drug
release, as prolonged exposure time is more important
than the peak concentration factor for many anticancer
drugs. However, only liposomes have been studied as
drug carriers in combination with CED,%!2

Polymeric micelles are an assembly of synthetic poly-
mers, most typically block copolymers with both hydro-
phobic and hydrophilic blocks. Polymeric micelle carrier
systems were first studied for targeting solid tumors by
intravenous injection.!3"'¢ Polymeric micelle carrier sys-
tems are electrically neutral and so have the so-called
stealth property that evades rapid clearance at the reticu-
loendothelial systems,!” which substantially improves
targeting of murine solid tumors due to the enhanced
permeability and retention effect that depends on the
hyperpermeable vasculature and absence of effective
lymphatic drainage that prevents efficient clearance of
micromolecules in the solid tumor tissues.!® Polymeric
micelles incorporating micellar doxorubicin (DOX) were
initially developed to enhance the safety and efficacy
of conventional DOX.!3 Various micelle-encapsulated
cytotoxic agents are currently undergoing clinical evalu-
ation of systemic administration, including DOX,’
paclitaxel,’” cisplatin,?® camptothecin,’! and the camp-
tothecin derivative SN-38.22 In contrast, local delivery
of polymeric micelle systems for the treatment of brain
tumors remains relatively unexplored.

The present study evaluated the therapeutic possibili-
ties of micellar DOX in a 9L syngeneic rat brain tumor
model.

Materials and Methods

Preparation of Agents

Doxorubicin hydrochloride was purchased from Mer-
cian Corp. (Tokyo, Japan). Stock solutions of free DOX
were prepared by diluting DOX in dimethyl sulfoxide
to a concentration of 50 mg/ml. The infusion solution
of free DOX was made by diluting the stock solution
with phosphate-buffered saline (PBS). Liposomal DOX
(Doxil) was obtained from Alza Pharmaceuticals (Moun-
tain View, CA, USA). Micellar DOX was prepared by the
previously reported method in a slight modification only
in high-performance liquid chromatography (HPLC)
analysis conditions.!¥716 In brief, DOX was chemically
conjugated to the aspartic acid residue of poly{ethylene
glycol)-b-poly(aspartic acid) block copolymer. The
hydrophobicity of the DOX-conjugated poly(aspartic
acid) block results in the formation of a polymeric micelle
structure. This conjugate block copolymer was used to
form empty polymeric micelles in this study because this
type of micelle does not contain unbound DOX that is
important in cytotoxic activity. Free DOX was incorpo-

152 NEURO-ONCOLOGY - APRIL 2009

226

rated into empty polymeric micelles to form pharma-
cologically active polymeric micelles that contain free
DOX in the micelle inner core. The poly(ethylene glycol)
block had a molecular weight of 12 kDa and contained
22 aspartic acid units as determined by 'H-nuclear mag-
netic resonance spectrum in D,0. DOX was chemically
conjugated to 59% of the aspartic acid residues, and the
micelles contained 13 wt% free DOX. The amounts
of the chemically conjugated DOX and the physically
entrapped DOX were determined by a reverse-phase
HPLC according to methods previously reported.!5-1¢
The empty polymeric micelles (DOX was not physically
entrapped) chemically conjugated DOX molecules to
68% of the aspartic acid residues. The infusion solution
for micellar DOX, PBS, had no toxicity when 20 pl was
infused by CED (preliminary data not shown).

Tumor Cell Lines

9L gliosarcoma cells (American Type Culture Collection,
Rockville, MD, USA) were maintained as monolayers in
a complete medium consisting of Eagle’s minimal essen-
tial medium supplemented with 10% fetal calf serum,
nonessential amino acids, and 100 U/ml penicillin G.
Cells were cultured at 37°C in a humidified atmosphere
consisting of 95% air and 5% CO,.

Animals and Intracranial Syngeneic Transplantation
Technique

All protocols utilized in the animal studies were approved
by the Institute for Animal Experimentation of Tohoku
University Graduate School of Medicine. Male Fischer
344 rats weighing 150-200 g and normal male Sprague-
Dawley rats weighing approximately 150-200 g were
purchased from Charles-River Laboratories (Charles-
River Japan Inc., Tsukuba, Japan). For the intracranial
syngeneic tumor model, 9L gliosarcoma cells were har-
vested by trypsinization, washed once with Hanks’ bal-
anced salt solution without Ca?* and Mg?* (HBSS), and
resuspended in HBSS for implantation. Cells (5 x 10°)
in 10 ul HBSS were implanted into the striatal region of
the rat brains as follows. The rats under deep isoflurane
anesthesia were placed in a small-animal stereotactic
frame (David Kopf Instruments, Tujunga, CA, USA). A
sagittal incision was made to expose the cranium, fol-
lowed by a burr hole in the skull at 0.5 mm anterior
and 3 mm lateral from the bregma using a small dental
drill. Cell suspension (5 pl) was injected over 2 min at a
depth of 4.5 mm from the brain surface; after a 2-min
wait, another 5 pl was injected over 2 min at a depth
of 4.0 mm, and after a final 2-min wait, the needle was
removed and the wound was sutured.

CED Infusion

CED of PBS, free DOX, liposomal DOX, and micellar
DOX was performed as described previously.>!! The
infusion system consisted of a reflux-free step design
infusion cannula?® connected to a loading line (contain-
ing 20 pl PBS, free DOX, liposomal DOX, or micellar
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DOX solutions) and an olive oil infusion line. A 1-ml
syringe (filled with oil) was mounted onto a microinfu-
sion pump {BeeHive; Bioanalytical Systems, West Lafay-
ette, IN, USA) to regulate the flow of fluid through the
system. Based on chosen coordinates, the infusion can-
nula was mounted onto a stereotactic holder and guided
to the target region of the brain through burr holes made
in the skull (see below). The infusion rates followed the
following ascending pattern to deliver the total 20-pl
infusion volume: 0.2 pl/min (15 min) + 0.5 pl/min (10
min) + 0.8 pl/min (15 min).

Evaluation of Distribution of Micellar DOX
in Normal Rodent CNS

Normal Sprague-Dawley rats (five rats in each group)
received CED using free DOX (2 mg/ml DOX in 20 pl
solution), liposomal DOX (20 pl solution containing
2 mg/ml DOX equivalent), and micellar DOX (20 pl
solution containing 2 mg/ml physically entrapped DOX
and 4.3 mg/ml chemically conjugated DOX equivalent),
and empty polymeric micelles {20 pl solution contain-
ing 7.9 mg/ml chemically conjugated DOX equivalent)
and were euthanized immediately after CED. The brains
were harvested, frozen in isopentane chilled in dry ice,
and cut into serial coronal sections (25 pm) with a cry-
ostat. DOX fluoresces under UV illumination, so the
areas of distribution could be visualized by fluorescence
microscopy and captured with a charged-coupled device
camera with a fixed aperture. The empty polymeric
micelles were also fluorescent in a similar manner to
the micellar DOX, since the empty polymeric micelles
contained chemically conjugated DOX molecules that
were almost equivalent in their fluorescent behavior to
physically entrapped DOX of the micellar DOX. The
volume of distribution was analyzed with a Macintosh-
based image-analysis system (NIH Image 1.62; NIH,
Bethesda, MD, USA) as described previously.?*

Evaluation of Distribution of Micellar DOX in Rats
with 9L Intracranial Tumors

Fischer 344 rats (four rats in each group) with 9L intra-
cranial tumors received CED using micellar DOX and
free DOX (20 pl solution containing 2 mg/ml DOX
equivalent) 7 days after tumor cell implantation. Rats
were euthanized immediately after CED. The brains
were harvested, frozen in isopentane chilled in dry
ice, and cut into serial coronal sections (25 pm) with a
cryostat.

Toxicity Tesis of Micellar DOX

Normal Sprague-Dawley rats (five rats in each group)
received a single CED infusion of free DOX, liposomal
DOX, micellar DOX, and empty polymeric micelles (20
pl solutions containing 0.1, 0.2, 0.4, or 1.0 mg/ml free
DOX equivalent). Rats were monitored daily for sur-
vival and general health (alertness, grooming, feeding,
excreta, skin, fur, mucous membrane conditions, ambu-
lation, breathing, and posture) and weekly for weight.

inoue et al.: Efficacy of micellar DOX by CED in brain tumor model

The rats in each group were euthanized 3 weeks after the
CED treatment, and their brains were removed, fixed,
cut into sections (5 pm), and stained with hematoxylin
and eosin (H&E).

Survival Studies

Fifty-two Fischer 344 rats with 9L tumor cells were
randomly assigned to four groups: (1) the control group
that received PBS (20 pl solution; # = 17), (2} free DOX
(0.2 mg/ml DOX in 20 pl solution; » = 10), (3) lipo-
somal DOX (20 pl solution containing 0.2 mg/m! DOX
equivalent; # = 14), and (4) micellar DOX (20 pl solu-
tion containing 0.2 mg/ml physically entrapped free
DOX equivalent; # = 11). Seven days after tumor cell
implantation, a single CED infusion was performed for
each group. Rats were monitored daily for survival and
general health, and weekly for weight. The study was
terminated 90 days after tumor implantation. The sur-
viving animals were euthanized and their brains stained
with H&E. Survival was expressed as a Kaplan-Meier
curve. Survival between the treatment groups was com-
pared with a log-rank test.

Results

Evaluation of Distribution of Micellar DOX
in Normal Rodent CNS

Compared with free DOX (Fig. 1a), intrastriatal admin-
istration of liposomal DOX (Fig. 1b), micellar DOX (Fig.
1c), and empty polymeric micelles (Fig. 1d) via CED (20
nl volume) produced extensive and diffuse distribution
in the striatum. The mean volumes of distribution of free
DOX, liposomal DOX, micellar DOX, and empty poly-
meric micelles in normal rat brains were 13.91 + 1.23 mm?
(range, 12.12-15.32 mm?), 64.25 = 7.83 mm? (54.76-
77.40 mm?), 60.54 + 5.71 mm?® (54.40-64.25 mm?),
and 54.74 * 4.39 mm? (50.30-58.97 mm?), respectively
(Fig. le). A significant difference was observed between
free DOX and micellar DOX (p = 0.009), but not between
liposomal DOX and micellar DOX (p = 0.465).

Evaluation of Distribution of Micellar DOX
in Rats with 9L Tumors

Examination of representative rat brain sections at
1-mm intervals confirmed successful formation of the
tumor tissue. Fluorescent detection of DOX in the same
sections revealed poor distribution of free DOX (Fig. 2a)
but distribution of micellar DOX over almost the entire
tumor mass, including the surrounding tumor margins
(Fig. 2b). The findings were consistent in all four rats
examined from this group.

Toxicity of Micellar DOX in Normal Rodent CNS

Rats euthanized 3 weeks after infusion with 0.2 (Fig. 3a,
center), 0.4 (Fig. 3a, right), and 1.0 (data not shown) mg/
ml micellar DOX showed tissue damage at the infusion
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